X-ray optics, desired for beamlines at free-electron-laser and diffraction-limited-storage-ring x-ray light sources, must have almost perfect surfaces, capable of delivering light to experiments without significant degradation of brightness and coherence. To accurately characterize such optics at an optical metrology lab, two basic types of surface slope profilometers are used: the long trace profilers (LTPs) and nanometer optical measuring (NOM) like angular deflectometers, based on electronic autocollimator (AC) ELCOMAT-3000. The inherent systematic errors of the instrument's optical sensors set the principle limit to their measuring performance. Where autocollimator of a NOM-like profiler may be calibrated at a unique dedicated facility, this is for a particular configuration of distance, aperture size, and angular range that does not always match the exact use in a scanning measurement with the profiler. Here we discuss the developed methodology, experimental set-up, and numerical methods of transferring the calibration of one reference AC to the scanning AC of the Optical Surface Measuring System (OSMS), recently brought to operation at the ALS Xray Optics Laboratory. We show that precision calibration of the OSMS performed in three steps, allows us to provide high confidence and accuracy low-spatial-frequency metrology and not 'print into' measurements the inherent systematic error of tool in use. With the examples of the OSMS measurements with a state-of-the-art x-ray aspherical mirror, available from one of the most advanced vendors of X-ray optics, we demonstrate the high efficacy of the developed calibration procedure. The results of our work are important for obtaining high reliability data, needed for sophisticated numerical simulations of beamline performance and optimization of beamline usage of the optics.
INTRODUCTION
X-ray optics, desired for the beamlines at free-electron-laser and diffraction-limited-storage-ring x-ray light sources, must have almost perfect surfaces, capable of delivering light to experiments without significant degradation of brightness and coherence [1, 2] . Thus, beamlines, to be created or upgraded in the Advanced Light Source Upgrade (ALS-U) project [3, 4] , require x-ray optics with the residual (after subtraction of an ideal shape) shape errors of < 100 nrad (root-mean-square, rms) in slope and < 2 nm rms in height. In order to ensure the optimal usage of the superhigh-quality optics at the ALS-U, the dedicated ex-situ metrology tools have to be capable of surface measurements with high accuracy and reliability, ideally, better than the specification by a factor of few (2) (3) (4) (5) .
To accurately characterize such optics at an optical metrology lab, two basic types of surface slope profilometers are used: Long Trace Profilers (LTPs) and systems like the Nanometer Optical Measuring Machine (NOM, [32] [33] [34] ) angular deflectometers [35˗52], based on an electronic autocollimator (AC) ELCOMAT-3000 [53] . The inherent systematic errors of the instrument's optical sensors set the principle limit to their measuring performance. *ILacey@lbl.gov; phone 1 510 495-2644; fax 1 510 486-7696; https://als.lbl.gov/people/ian-lacey/ Where the AC of a NOM-like profiler may be calibrated at a unique dedicated facility, for example, at the Physikalisch-Technische Bundesanstalt (PTB), Germany, using their sophisticated experimental method and set-up [54] [55] [56] , this is for a particular configuration of distance, aperture size, and angular range that does not always match the exact use in a scanning measurement with the profiler.
Here, we discuss the developed experimental set-up, methodology, and numerical methods of transferring the calibration of one reference AC, performed at the PTB, to the scanning AC of the Optical Surface Measuring System (OSMS) [49˗52] , recently brought to operation at the ALS X-ray Optics Laboratory (XROL) [57, 58] . We show that precision calibration of the OSMS in-situ, with an integrated calibration system, allows us to provide high confidence and accuracy low-spatial-frequency metrology and not 'print into' measurements the inherent systematic error of the instrument in use. With the example of the OSMS measurements with a highly curved aspherical mirror with a length of the clear aperture of 600 mm, available from one of the most advanced vendor of X-ray optics, we demonstrate the high efficacy of the developed calibration methodology and experimental methods. We will demonstrate that the results of our work are important for obtaining highly reliable data, needed for sophisticated numerical simulations of beamline performance and optimization of beamline usage of the optics. The developed approaches are rather universal and, therefore, widely applicable. Figure 1 shows the XROL OSMS experimental set-up [49, 50] based on the multifunctional translation system, including 2D gantry and a custom tilt-flip-Z-translation stage (TFZS) and four electronic autocollimators ELCOMAT-3000 [53] . The AC in the surface-under-test (SUT) measuring (sample) channel, AC˗1, is placed vertically on the OSMS X-axis translation carriage. In the course of measurements, the carriage with AC-1 is translated along the SUT, keeping the distance between the AC and the SUT practically unchanged. This design [38] allows a reliable application of the AC calibration performed at the same AC-to-SUT distance. Additionally, the problem of air convection noise [18] in the sample channel is solved with a close tube of the aperture system that shields the AC-1 light beam optical path. The payment for these advantages is a necessity to control the wobbling error with an additional AC, mounted on the righthand granite stand, AC-2 in Fig. 1 . The air convection noise problem, transferred now to the reference channel, is overcome by appropriately filtering the reference data as discussed in detail in Ref. [50] . [49, 50] based on the multifunctional translation system, including a 2D gantry and custom tilt-flip-Z-translation stage (TFZS), and four electronic autocollimators ELCOMAT-3000 [53] , with a fixed distance AC-1 in the sample arm [38] . AC-2 monitors the X-axis carriage wobbling error. AC-3 serves as a transferable reference for in-situ angular calibration of AC-1. When the calibration tilt stage (CTS) is removed, AC-3 can also be used as a constant-distance slope sensor for measurements with optics in the side-facing orientation. In this case, AC-4, mounted to the Y-axis movable slab, is used for monitoring the yaw-angle translation error of the slab.
EXPERIMENTAL SET-UP OF THE ALS OSMS
To the best of our knowledge, the arrangement of an AC-based surface slope profilometer with a movable, vertically oriented AC and an additional AC in the reference channel was firstly considered in Ref. [38] and implemented and published in Refs. [47, 49] .
In the current arrangement of the XROL OSMS in Fig. 1 , the autocollimator AC-3, precisely calibrated at the PTB [52] , serves as a transferable reference for in-situ angular calibration of AC-1. Another indefeasible part of the calibration system (see Sec. 3) is a precision calibration-tilting-stage (CTS in Fig. 1 ) [59] , designed and fabricated as a key element of the universal test mirror (UTM) system [60] .
When the CTS is removed, AC-3 can also be used as a constant-distance slope sensor for direct (without additional 90degree folding mirror or pentaprism) measurements with optics in the side-facing orientation. In this case, the Y-axis slab of the OSMS gantry is translated, and AC-4, mounted to the movable slab, is used in the Y-axis reference channel for monitoring the yaw-angle translation error of the slab.
With the integrated custom tilt-flip-Z-translation stage (TFZS in Fig. 1 ), the OSMS is capable of fully automatic twodimensional (2D) surface slope mapping with tilting and flipping the SUT, realizing the advanced-optimal-scanningstrategy (AOSS) method for suppression of the instrumental systematic and temporal drift errors [22, 51] . As demonstrated in Refs. [61] and Sec. 5, below, with the careful calibration of the AC sensors, the OSMS is capable for surface slope metrology of significantly curved aspherical x-ray mirrors with accuracy of the level of ~ 30 nrad (rms). Figure 2 shows the in-situ calibration system, integrated to the OSMS for calibration of the sample-arm AC. The system is based on an AC ELCOMAT-3000 (AC-3 in Figs. 1 and 2a) [53] and a custom-made tilt stage Model N-310K021 (CTS in Figs. 1 and 2a ), designed and manufactured at Physik Instrumente GmbH & Co.KG [59] specifically for application in a UTM system [60] . Figure 2 . (a) The OSMS in-situ calibration system, based on an ELCOMAT-3000 autocollimator (AC-3) [53] and the custom precision CTS [59] , and (b) the enlarged view of the tilt stage with two reference mirrors, M˗1 and M˗2, and the end parts of aperture tubes attached to the reference AC (AC-3) and the AC in the OSMS sample arm (AC-1).
THE OSMS CALIBRATION SYSTEM
The experimental arrangement of AC-3 in Fig. 2a , including the aperture shape, size, and distance to the AC, is as close as possible to the arrangement of the AC calibration set-up at the PTB [52] . Below, in Sec. 3.1, we present the results of the PTB calibration and discuss the limitation of its usage as a traceable reference for in-situ calibration of the AC-1 in the OSMS sample arm.
The detailed description of design and performance of the calibration tilt stage can be found in Ref. [59] . The stage precisely tilts two flat reference mirrors (M-1 and M-2 in Fig. 2b ) in the range of ±10 mrad with angular resolution down to 4 nrad and repeatability of about 8 nrad rms. The flatness of the mirrors measured over the central area of approximately 12-mm diameter is better that λ/100. The mirrors are mounted to the stage such that the reflecting surfaces lie on the tilt axis. In the course of OSMS calibration, the horizontally reflecting mirror M-1 is used for the tilt stage calibration, as discussed in Sec. 4.2, below. The vertically reflecting mirror M-2 transfers the stage calibration to the calibration of the sample-arm AC (see Sec. 4.3). Therefore, the whole calibration is a three-step process and investigation of the reliability of each step is the major topic of the present work.
THE OSMS CALIBRATION METHODOLOGY
In this section, we describe the methodology developed at the ALS XROL for precision in-situ calibration of the autocollimator AC-1 in the OSMS sample arm. The first step of the three-step calibration process is precision calibration of the AC used in the OSMS calibration system (Fig. 3a ) -Sec. 4.1. In the second step (Sec. 4.2), the PTB calibration is applied to calibrate the calibration tilt stage. And finally (Sec. 4.3), the tilt stage is used to measure the systematic error of the sample-arm AC before and after a measurement with the SUT. As shown below, the reliability of each step and the total calibration process is due to the advanced environmental conditions in the XROL, providing high repeatability of the OSMS measurements.
Characterization of the OSMS calibration-reference AC at the PTB
The AC, used currently as a calibration-reference AC (AC-3 in Figs. 1 and 2), was precisely characterized at the PTB in 2018, when the resolution performance of the AC with the beam limiting apertures of different size and diameter was investigated [52] . Here, we use the calibration of the AC, performed with a flat reference mirror, placed at a distance of 330 mm from the autocollimator. The distance between the AC aperture and the reference mirror was about 3 mm. Besides the scalar calibration error, seen in Fig. 3a as a linear variation of the error measured with 2.5-mm aperture, and the low angular frequency variations of the error, there are a number of quasi-periodic systematic errors that are characteristic for this type of autocollimators. For a particular AC, the periods of these quasi-periodic systematic errors, depicted in the PSD distribution in Figs. 3 and 4, are the same and almost don't depend on the aperture size, even it changes by a factor of 10.
The largest low-angular-period oscillations of the systematic error feature a period of ~315 µrad ( Fig. 3 ), which is related to the AC reticle's geometry [62] . The error at the lowest angular frequencies depicted in the PSD distributions in Fig. 3b with peaks with periods of about 1.6 mrad and 2.3 mrad is possibly due to the vendor calibration routine that removes a third order polynomial.
The pixel width of the CCD detector of the ELCOMAT-3000 corresponds to an angular scale of ~ 13 µrad. In the previous version of the AC ELCOMAT-3000 (that we used before with the DLTP profiler [37] at the XROL), there was a strong sawtooth-like systematic error, caused by the interaction of the reticle image with the pixels of the CCD detector and the algorithm that determines the image shift on the detector by sub-pixel interpolation [62] . In more recent versions of the ACs, used with the OSMS, the 13-µrad sawtooth-like systematic error is significantly suppressed. Now, the main high-angular frequency quasi-periodic error peaks in the PSD of the AC error in Fig. 4b is at the angular period of 4.33 µrad; in what is suspected to correspond to a third harmonic of 13 µrad.
It is imperative that in the classical slope profiler arrangement with 2.5-mm-diameter circular aperture, the overall variation of the AC systematic error is significantly larger than that of the AC with 25-mm-diameter aperture. Additionally, the calibration with the large aperture is less dependent on the environment and arrangement peculiarities of the AC application. Therefore, for the transfer of the calibration throughout this paper, we use the PTB calibration of AC-3 performed with 25-mm-diameter aperture.
In-situ angular calibration of the tilt stage
In spite of the high precision of the calibration in Figs. 3 and 4, performed at the PTB, direct applicability of the calibration to the measurements with the AC, used in an experimental arrangement and conditions, different from those during the PTB calibration, is always questionable. The distance between the autocollimator and the SUT, size and shape of the beam limiting aperture, lateral aperture placement with respect to the autocollimator's optical axis, as well as environmental conditions in the lab are among the factors that dramatically affect the calibration [52, 63] . The exact reproduction of the PTB calibration set-up, other than at the PTB lab, is challenging if not impossible.
For the calibration transfer, one still can use the correlation methods suggested and demonstrated in Refs. [22, 44, 51] for effective suppression of the quasi-periodic systematic errors of the AC. However, application of the error suppression methods requires additional measurements that makes the calibration time-consuming and less repeatable due to the slow drifts of the lab environmental conditions and the measurement set-up. Here, we describe an experimental method, which, we believe, allows the CTS to be traceable back to the PTB angle comparator.
The method is based first, on the experimental observation that the low angular frequency variation of the error is stable with respect to a reasonably small variation of the experimental arrangement and environmental conditions, and second, on the natural assumption that the quasi-periodic systematic errors (Figs. 3 and 4), characteristic for the AC ELCOMAT 3000 of the calibration system, are not inherent to the tilting stage. Therefore, if the PTB calibration of the AC does not allow to exactly correct the AC quasi-periodic errors, an infiltration of the error to the stage calibration can be fixed by an appropriate filtering of the stage calibration data. Figure 5 shows the raw data, after linear detrending, of the calibration of the calibration tilting stage as a dependence of the angle AC  , recorded with the AC˗3 (Fig. 2a ) on the input value of the CTS tilt driver, t . The quasi-periodic systematic errors of the AC are seen in the PSD distribution ( Fig. 5 ) as the spikes at the characteristic angular periods of ~13 µrad and ~ 315 µrad. In order to better understand the magnitude of the errors, in Fig. 6 the overall trend of the dependence is detrended with a function corresponding to a simple geometrical model of the stage tilt, monitored with two encoders at the constant distance:
where A , B , C , and 0 t are the fitting parameters. Figure 5 and 6 reproduce the raw measurement, which is not corrected to account the AC calibration performed at the PTB. Application of the calibration effectively suppresses the major quasi-period error with the period of ~ 320 µrad - Fig. 7 . Application of the PTB calibration also removes the low angular frequency error of the AC (Fig. 3a) , corresponding to the measurements with 25-mm-diameter aperture. Finally, the CTS angular correction is determined by fitting the data in Fig. 7 with a series of Chebyshev polynomials. Figure 8 depicts the residual error of the fit. The applied correction and fitting lead to practically random residual error that relates to the random error of the AC measurements and setting of the tilt angle of the CTS. There is also a contribution of the aliasing effect due to sampling period different from the angular period of the 13-µrad quasi-periodic error of the AC. For the AC-based profilometer measurements without a high-angular-resolution calibration, the later factor sets a principle limitation to the random-looking error of the measurements [46] . In order to make the calibration free of the random error, we use the resulted fitting function (corresponding to Fig. 8 ) as the final CTS angular calibration function - Fig. 9 . 
Transfer of calibration to the OSMS sample-arm AC
With the precisely calibrated CTS (Sec. 4.2), we can measure the tangential angle (AC-1 X-channel) error of the samplearm AC. In order to ensure the applicability of the AC-1 calibration to a particular measurements with a SUT, the AC-1 calibration is performed in two runs (each with 8 scans), before and after the SUT measurements. Figures 10 and 11 illustrate the results of the calibration runs as the average of the measured slope traces ( Fig. 10) and their difference ( Fig. 11 ) for the case of the OSMS AC-1 equipped with a circular aperture of 2.5-mm diameter. The AC-1 calibration repeatability as the difference between single scans of a run performed before or after mirror measurements is characterized with ~ 51 nrad rms. Assuming an almost random character of the difference (the assumption is very natural, given the almost white-noise like character of the PSD in Fig. 11 Having proved the high repeatability of the calibration measurements, we can use the average of the AC-1 calibrations, determined before and after mirror measurements, and calculate the AC-1 error as a function of its angle reading. The resulted error function is shown in Fig. 12 with the solid blue line. For comparison, the AC-1 error function measured at the PTB is depicted in Fig. 12 with the dashed red line. Figure 12. (a) Error functions of the OSMS ELCOMAT-3000 AC-1, equipped with 2.5-mm-diameter circular aperture, as measured at the PTB (the dashed red line) and at the ALS with the OSMS in-situ calibration system (the solid blue line); (b) the PSD of the error functions in plot (a), given as the function of the period of the recorded angle. The total tilt angular range is ± 5.5 mrad, sampled with ~5 µrad steps. Figure 13 depicts the difference [in the angular, plot (a), and the angular wavelength, plot (b), domains] of the error functions measured at the PTB and at the ALS with the in-situ OSMS calibration system (Fig. 2a ). The rms variation of the difference trace is 140 nrad, mainly due to the longer-angular-period dissimilarity of the calibrations. If instead, we consider detrending a 3 rd -order polynomial from the error difference, the rms variation is dropped to ~ 44 nrad. Note that the shorter-angular-period quasi-periodic errors are almost perfectly matched, so that the corresponding PSD peaks are hardly seen in the error difference in Fig. 13b (compare with Fig. 12b ).
We assume that the observed dissimilarity of the calibrations originates from the difference of the experimental arrangements and the lab environmental conditions. Figure 13 . (a) Difference of the AC-1 error functions of the OSMS ELCOMAT-3000 AC-1, equipped with 2.5-mmdiameter circular aperture, measured at the PTB and at the ALS and shown in Fig. 12; (b) the PSD of the error difference trace in plot (a), given as the function of the angular period.
First, the PTB calibration in 2012, was performed with the distance between the AC and the reference mirror of 300 mm, rather than the optimized value of 330 mm, recommended in Ref. [63] .
Second, in the course of calibration at the PTB, the reference mirror and the aperture device are both placed on the rotating platform of the angular comparator. This is in contrast with the usual arrangement of AC-based slope profilers (such as the XROL OSMS), where the aperture is not following to the mirror surface slope.
Third, the PTB aperture hole of 2.5-mm diameter is drilled in an aluminum plate that is approximately 3mm thick, whereas in the XROL OSMS setup (similar to almost all AC-based slope profilers around the world), a much thinner orifice (e.g., iris diaphragm) is usually used.
Fourth, the PTB and the XROL are using different alignment procedures discussed in detail in Ref. [64] . As we have empirically established, the direction of the light beam from a dedicated alignment laser, purchased from the AC vendor, is not repeatable and depends on the azimuthal position of the laser attached to the AC optical tube. We believe that the alignment procedure developed and routinely used at the XROL is significantly more reliable and repeatable. Unfortunately, it is not always possible to apply the procedure for aperture alignment in a setup devoted to calibration measurements (see discussion in Ref. [52] ).
Fifth, a subtle difference in the reflectivities of the reference mirrors, used at the PTB and at the ALS, may be an additional cause of the observed discrepancy of the error functions in Fig. 12 .
In conclusion of the calibration methodology developed for the surfaces slope measurements with the OSMS, we should mention that it is not absolute. The major problems that remains are the differences in the reflectance and shape of the CTS reference mirror and the SUT. In order to completely overcome the problems, we are investigating the possibility of using the SUT itself as the calibration reference mirror. In principle, it seems to be feasible with the tilt-flip-Z-translation stage integrated to the OSMS gantry system (Fig. 1) . The work in this direction is in progress.
APPLICATION OF THE ANGULAR CALIBRATION
In this section, we discuss the results of application of the in-situ calibration technique to the OSMS measurements with an elliptical cylinder mirror M204, designed and fabricated for the ALS QERLIN beamline 6.0.2 [65] .
The gold-coated mirror with the total size of the single crystal silicon substrate of 650 mm × 75 mm × 50 mm has a clear aperture of 600 mm × 20 mm. The specified conjugate parameters of the mirror beamline application are following: the source distance 2800( 10) r  mm, the focal (image) distance 1200( 10) r  mm, and the grazing incidence angle 1.5( 0.1)  degrees. The mirror has a strong variation of the surface radius of curvature from ~ 53 m at the downstream end to ~ 73 m at the upstream end, corresponding to about 10 mrad slope variation over the clear aperture length in the tangential direction.
The measurements, presented in this section, were performed with the OSMS ELCOMAT-3000 AC-1, equipped with 2.5-mm-diameter circular aperture. The measurement run of 8 sequential scans is arranged according to the AOSS technique [51] . In this case after first two scans, performed with scanning of the AC-1 along the mirror in the forward (F) and backward (B) directions, the pitch angle of the mirror is changed by ~ 150 µrad, and returned back to the original value after next four scans, arranged as a sequence of B-F-B-F. The last two scans are made with scanning in the forward and backward directions, F-B. The change of the pitch angle by the half of the period of the main quasi-periodic systematic error of the AC-1 ensures strong suppression of the error to the final slope trace, resulted from the averaging all eight scans [24, 44] . Arrangement of the scans as F-B-B-F-B-F-F-B sequence allows suppression of the drift error described with a polynomial function up to the 3 rd order [22] . Additionally, after first four scans, the OSMS automatically flips the mirror orientation by 180 degrees. Flipping the mirror orientation allows to remove from the final trace the OSMS systematic error that is even with respect to the reversal of the tangential axis [66, 67] .
Application of the AC calibration to a single measurement scan with the SUT
The residual (after subtraction of the best-fit elliptical shape) slope variation of the M204 mirror, measured in a single scan of the run of 8 scans total, is presented in Figure 14 . This is the raw experimental data before the AC-1 calibration is applied. As seen in the PSD in Fig. 14b , the measured slope variation has a strong contribution of the AC quasiperiodic errors with the largest error with angular period of ~ 300 µrad. Subtraction from the raw slope data (Fig. 14a ) of the AC-1 error function, shown in Fig. 12a , suppresses the AC systematic error that is clearly seen in the Fig. 15 , where the PSD peak due to the 300-µrad quasi-periodic error is practically removed (Fig. 15b) . Correspondingly, the rms variation of the residual slope trace decreases from ~ 635 nrad (for the raw data in Fig. 14a ) to ~ 467 nrad (for the calibrated data in Fig. 15a ). Figure 15 . (a) Residual (after subtraction of the best fit elliptical shape) slope variation of the M204 mirror, as measured in a single scan of the OSMS run of 8 scans total in the case of the ELCOMAT-3000 AC-1, equipped with 2.5-mm-diameter circular aperture; there has been applied the AC-1 calibration shown in Fig. 12a. (b) The PSD of the residual slope trace in plot (a).
The applied calibration, performed with the increment of ~ 5 µrad cannot be very efficient for suppression of the AC error with shorter periods, such as those with period of ~ 13 µrad. If needed, this problem can be easily solved with an additional pitch tilt adjustment by ~ 6.5 µrad after each measurement scan. This reversal is orthogonal to all other reversals used in the AOSS run [51] . In case of the AC-1, this error is negligibly small (see, for example, the calibration data in Fig. 12 ).
Note that the quasi-periodical surface error, with PSD peak in Figs. 14b and 15b at the angular period of ~ 35 µrad, is really due to the quasi-periodic error of the mirror surface with the spatial period of about 2.1 mm. Such error is rather characteristic for some deterministic polishing processes [68, 69] . In order to ensure that the error belongs to the surface, we have performed supplementary measurements with the mirror shifted in the tangential direction by ~ 1 mm and tilted by ~ 17 µrad. Additionally, by comparing the scans performed with the mirror in the direct and flipped orientation, we have convinced ourselves that the residual slope variation over the area from 100 mm to 200 mm (Fig. 15a) is also due to the slope error of the mirror surface.
The OSMS AC calibration method vs the advanced scanning strategy technique
Finally, we compare the efficacy to the systematic error suppression using the methodology and experimental set-up, suggested and described here for angular calibration of the OSMS autocollimator in the sample arm, with that of the advanced scanning strategy technique [51] . Figure 16 shows the result of the OSMS run of 8 scans for measuring the QERLIN M204 mirror; there has not been applied the AC-1 calibration to this data. The same data, but with the calibration applied, are presented in Fig. 17 . Comparing the PSD distributions in Figs. 16b and 17b , we can conclude that the AOSS technique have the same efficacy as the in-situ calibration as to the suppression of the quasiperiodic systematic errors of the OSMS AC-1.
However, the surface slope variations at the low spatial frequency, obtained without and with application of the in-situ calibration of the AC-1 (Figs. 16a and 17a) , are significantly different, characterized with the rms slope variations 625 nrad and 378 nrad, respectively.
In order to better understand the possible contribution of the unaccounted OSMS systematic error to the result of the measurements with the M204 mirror, we can compare the difference of the slope variations resulted in the scans performed with the mirror in the direct and flipped orientations, when the calibration is not and is applied -Figs. 18 and 19, respectively. Such difference depicts the doubled even part of the systematic error that is removed by averaging of the measurements with the mirror in the direct and flipped orientations [51] . In the absence of a better estimation, one can use the rms value of the even error as a rough estimation of the possible unaccounted error, odd with respect to the reversal of the tangential axis. Figure 18 . Difference of the slope variations resulted in the scans performed with the mirror in the direct and flipped orientationS, when the calibration is not applied. The rms variation of the difference trace is about 575 nrad.
If no AC-1 calibration is applied, the rms variation of the even systematic error is about 290 nrad - Fig. 18 .
Application of the AC-1 calibration effectively corrects the odd part of the systematic error of the measurements, decreasing it to about 65 nrad rms (Fig. 19) , the value that is significantly, by a factor of almost 4, higher than the repeatability of the AC-1 calibration scans before and after the measurements with the SUT (see Sec. ). Figure 19 . Difference of the slope variations resulted in the scans performed with the mirror in the direct and flipped orientationS, when the calibration is applied. The rms variation of the difference trace is about 129 nrad.
Therefore, the OSMS AC calibration method and the advanced scanning strategy technique appear to be complimentary. Application of both methods together allows us to perform the high accuracy measurements with aspherical, long and highly curved mirrors, such as the QERLIN M204.
If the estimation of the unaccounted systematic error of ~ 65 nrad rms makes sense, the error can relate to the dependence of the AC calibration on the SUT shape. As mentioned in Sec. 4, we are investigating the possibility for using tilt-flip-Z-translation stage integrated to the OSMS gantry system to calibrate the AC-1 with the SUT as the calibration reference mirror. It seems to be feasible also because we only need to better characterize the AC systematic error over the lower spatial frequencies. The work in this direction is in progress.
DISCUSSION AND CONCLUSIONS
We have described the experimental set-up, methodology, and numerical methods developed at the ALS X-Ray Optics Laboratory for reliable transferring the angular calibration of one reference AC, performed at the PTB, to the scanning AC of the ALS Optical Surface Measuring System, an autocollimator ELCOMAT-3000 based surface slope profiler. The profilers of this type, when equipped with a 2.5-mm circular aperture, are most commonly used for high accuracy characterization of x-ray mirrors in the low-spatial-wavelength range, from a few millimeters to the whole length of the surface under test.
The remarkable feature of the OSMS is the movable AC (rather than a pentaprism) in the sample arm. This design ensures almost constant distance between the AC and the SUT, making the design correspondent to the arrangement of the calibration set-up at the PTB. However, we have shown that even in this case, the direct high-accuracy transfer of the PTB calibration to the OSMS is hardly possible because of the multiple differences of the experimental arrangements and conditions at the PTB and the ALS optical labs.
We have suggested and tested a new methodology for precision in-situ calibration of the OSMS sample arm AC based on a specially developed calibration system integrated to the OSMS. The first step of the three-step calibration process is precision calibration of the AC used in the OSMS calibration system. In our case, the calibration of the reference AC is performed at the PTB. In the second step, the PTB calibration is applied to calibrate the tilt stage of the calibration system. On this step, we utilize the fact that the systematic errors of the reference AC and the stage are principally different. This allows us to reliably filter out the calibration artifacts associated with the quasi-periodic systematic errors of the reference AC. And finally, the calibration tilt stage is used to measure the systematic error of the sample-arm AC before and after a measurement with the SUT.
We have discussed and demonstrated the high reliability of each step of the calibration transfer process that ensures the high accuracy of the final calibration of the OSMS. Thus, the repeatability of the calibration measurements with the sample-arm AC before and after a measurement with the SUT is about 18 nrad rms. This became possible, in particular, due to the advanced environmental conditions in the XROL.
With the example of the OSMS measurements with a highly curved aspherical mirror with a length of the clear aperture of 600 mm, available from one of the most advanced vendors of X-ray optics, we have demonstrated the high efficacy of the developed calibration methodology and experimental methods. In this case, when the total surface slope range is about 10 mrad (that is even slightly larger than the specified dynamic range of the ELCOMAT-3000 AC in use), the accuracy of the measurements is estimated to be on the level of 65 nrad rms.
In order to reach this level of accuracy, in addition to the angular calibration we use the advanced scanning strategy technique developed for suppression of the instrumental systematic and drift errors via multiple scans, arranged to anticorrelate the errors. Namely, the application of both methods together allows us to perform the high accuracy measurements with the aspherical, long and highly curved mirror such as the QERLIN M204.
If the estimation of the unaccounted systematic error of ~ 65 nrad rms, made in this paper based on the value of the even part of the systematic error removed in measurement with the mirror in the direct and flipped orientation, is valid, the error can relate to the differences in the reflectance and shape of the CTS reference mirror and the SUT. In order to completely overcome the problems, we are investigating the possibility for using the SUT itself as the calibration reference mirror. Currently, we are investigating the possibility for using the tilt-flip-Z-translation stage integrated to the OSMS gantry system to calibrate the AC-1 with the SUT as the calibration reference mirror. In principle, it seems to be feasible with the tilt-flip-Z-translation stage integrated to the OSMS gantry system, accounting that we need to better characterize the AC systematic error only over the lower spatial frequencies. The work in this direction is in progress.
